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Abstract: With a previous observation of Escherichia coli growth cessation with the supplementation of 3 mM hydrogen peroxide
(H2O2) at the late log phase, the current study further demonstrated the consequences of the addition of an increased concentration
(6 mM) of H2O2 and further extended the investigation on such an oxidant’s impact on the growth of Salmonella spp., Pseudomonas
spp., and Bacillus spp. Cell culturability was measured through the enumeration of colony-forming units (CFUs) on agar plates for up
to 72 h. Subsequent changes in cell morphology and arrangements were monitored, and the cell viability was simultaneously retraced
by spot tests. A sharp decline in the culturable cells of E. coli was observed after 48 h with a large mass of cell aggregates upon addition
of H2O2, while Pseudomonas spp. lost viability after 36 h. Impaired morphology of such stressed cells was comparable to those of the
untreated cells. Notably, Pseudomonas cells were more prone to oxidative damage compared to E. coli. In contrast, the impact of H2O2
was insignificant in the case of Salmonella spp. and Bacillus spp., suggestive of a stringent defense mechanism against oxidative stress.
Key words: Escherichia coli, Salmonella spp., Pseudomonas spp., Bacillus spp., oxidative stress, hydrogen peroxide, cell viability

1. Introduction
Stress responses among microbial populations against an
array of environmental physicochemical stimuli including
temperature, irradiation, pH, osmolyte/salt concentration,
reactive oxygen species (ROS), redox state, toxic compounds,
and nutrient depletion are well known (Türkel, 2000; Den
Besten et al., 2009; Ju and Parales, 2010; Fuchs et al., 2011;
Kivisaar, 2011; Parry et al., 2011; Deepika et al., 2012; Den
Besten et al., 2013; Noor et al., 2013). The ability of bacteria to
perceive and respond to these factors is imperative for their
survival. Oxidative stress in bacteria commences when the
bacteria encounter elevated levels of ROS, such as superoxide
anions (O2–), which may interact in a number of enzymatic
as well as spontaneous chemical reactions to produce
more highly reactive oxygen derivatives, such as hydrogen
peroxide (H2O2) and hydroxyl radicals (•OH). Autoxidation
of reduced FAD or reduced flavoprotein gives rise to •OH,
and the enzyme NADPH oxidase can also generate O2– and
H2O2 (Cabiscol et al., 2000; Moat et al., 2002). The reaction
of O2– with nitric oxide forms peroxynitrite anion, which is
highly reactive with certain amino acid residues of proteins,
which in turn induces the formation of other toxic derivatives
within bacterial cells (Squadritoa et al., 1998; Cabiscol et al.,
2000; Schutter and Dick, 2000; Moat et al., 2002; Kamat,
2006; Iovine et al., 2008).
* Correspondence: noor.rashed@yahoo.com
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To deal with oxidative stress, bacteria are known to
evolve protective responses including the peroxidase-,
catalase-, and superoxide dismutase (SOD)-mediated
detoxification of ROS intermediates and repair of oxidative
damage to bacterial DNA (Rosner and Storz, 1997; Desnues
et al., 2003; Noor et al., 2009a, 2009b; Murata et al., 2012;
Munna et al., 2013; Nagamitsu et al., 2013). In addition,
Escherichia coli produces cytoplasmic Mn-SOD (sodA)
and Fe-SOD (sodB), which protect DNA and proteins
from oxidation, while periplasmic Cu/Zn-SOD (sodC)
protects the periplasmic and membrane constituents from
exogenous O2– (Cabiscol et al., 2000; Moat et al., 2002;
Rensing and Grass, 2003; Wang et al., 2007). Among other
bacteria, Salmonella spp. have been reported to induce the
soxRS regulon (Straaten et al., 2004; Prieto et al., 2006),
while Pseudomonas spp. elicit self-generated redox-cycling
compounds encoded by pqrCBAR genes (Rungrassamee,
2008; Rungrassamee et al., 2009). In Bacillus spp., perR and
ohr (Friedberg et al., 1995; Helmann et al., 2003; Zuber,
2009) have been reported to be induced in response to
oxidative stress.
The alteration in cellular homeostasis and culturability
due to oxidative stress has been widely studied in E. coli,
where ROS were found to elicit the formation of viable
but nonculturable (VBNC) cells in the early stationary
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phase, which were further subjected to a σE-dependent
lysis (Dukan and Nystrom, 1999; Kabir et al., 2004;
Nystrom, 2005; Noor et al., 2009b). Earlier observation of
the decline of cell viability in the E. coli W3110 strain after
the addition of 3 mM H2O2 led us to examine the similar
influence on a different strain of E. coli in our laboratory
(Kabir et al., 2004; Munna et al., 2013). A simulation of
such a stress-responsive event, with different variables
like the increased concentration of H2O2, the phase of
addition of the oxidant, or the response in other strains
or species, would largely aid the overall understanding
of the cellular responses. Along these lines, the present
study was designed to examine the effect of an increased
concentration of H2O2 (6 mM) in our laboratory stock
culture of E. coli and subsequently to compare the results
with those of other bacteria including Salmonella spp.,
Pseudomonas spp., and Bacillus spp.
2. Materials and methods
2.1. Bacterial stain, medium, and culture condition
Laboratory stock cultures of E. coli SUBE01, Salmonella
spp. SUBS01, Pseudomonas spp. SUBP01, and Bacillus
spp. SUBB01 were used in this study. Nutrient agar (NA)
and nutrient broth (NB) (Hi-Media Laboratories Pvt. Ltd.,
India) were used for the assay of culturability (Munna et
al., 2013). After 24 h of incubation on NA plates at 37 °C,
1 loopful of each of the bacterial cultures was introduced
into 5 mL of NB followed by shaking at 100 rpm at 37 °C
for 4–6 h (preculture). After adjusting the optical density
of the preculture to 0.1 at 600 nm (OD600), 30 µL of each
was introduced into 2 different 30-mL sets of NB and
incubated at 37 °C with shaking at 100 rpm. After 10 h
of growth, 6 mM H2O2 was aseptically added into 1 set
of nutrient broth and the other set without H2O2 was
considered as the control (Kabir et al., 2004; Munna et al.,
2013). At every 12-h interval, cell growth was monitored
by measuring OD600, and the formation of colony-forming
units (CFUs) was estimated by counting the colonies up to
72 h at every 24-h interval (Noor et al., 2009b; Munna et al.,
2013; Noor et al., 2013). All the experiments were executed
3 times. Statistical analysis regarding bacterial growth was
performed by determining the P-value through a t-test.
Standard deviations were also measured.
2.2. Microscopy
For the observation of cell morphology and arrangements,
simple staining (Crystal Violet, Hucker’s Solution) was
applied as previously done (Munna et al., 2013). An aliquot
of 10 µL of each bacterial suspension was withdrawn at
12-h intervals and the shape and organization of cells
were observed under light microscope (Optima Biological
Microscope G206, manufactured in Taiwan) at 1000×
magnification (Munna et al., 2013).

2.3. Spot test
As described previously, each of the bacterial culture
suspensions was serially diluted in 9 mL of NB to obtain
up to a 10–4 fold dilution (Munna et al., 2013; Noor et al.,
2013). From each dilution, an aliquot of 5 µL was dropped
onto the NA plates, dried off for 15 min, and incubated
at 37 °C for 24 h. Spotting was done after every 12 h of
growth (Munna et al., 2013; Noor et al., 2013).
To demonstrate the extent of H2O2 resistance in the
tested bacteria, the minimal inhibitory concentration
(MIC) was evaluated through dilution susceptibility
testing in Mueller Hinton broth (Oxoid Ltd., UK) with
different concentrations of H2O2. The lowest concentration
that could inhibit the bacterial growth as indicated by the
absence of turbidity was considered as the MIC.
3. Results and discussion
Together with extensive work on temperature stress or
nutrient starvation, oxidative stress is of prime interest for
molecular biologists. Our earlier work created oxidative
stress in bacteria by increasing the amount of ROS, resulting
in an elevated level of RNA polymerase σE factor and a
concomitant effect on cell viability with the accumulation
of aggregated proteins (Noor et al., 2009b). Such a finding
was consistent with previous suggestive data (Dukan and
Nystrom, 1999; Desnues et al., 2003; Cuny et al., 2005;
Nystrom, 2005) and we continued research to assess the
impact of such stress on other bacterial species (Munna
et al., 2013). In our former experiments, apart from the
W3110 strain, our laboratory E. coli strain also showed
the typical stress response towards heat shock (Noor et
al., 2013). Furthermore, we subjected a similar strain to
external oxidative stress using 3 mM H2O2 and observed
the stressed cells that lost culturability with morphological
defects (Munna et al., 2013). The results of our current
study indeed portrayed a phenotypic comparison among
an array of bacterial species in response to external
oxidative stress imposed by 6 mM H2O2.
3.1. Growth retardation of E. coli and Pseudomonas spp.
upon H2O2 treatment while Salmonella spp. and Bacillus
spp. remained uninfluenced
Flat colonies typical of stressed ones (Nitta et al., 2000)
were observed for E. coli cells upon prolonged exposure to
6 mM H2O2. After 36 h of incubation, with a concomitant
decrease in cell turbidity, most of the colonies of E. coli
showed flatness followed by the complete elimination of
CFUs onward (Figures 1a and 1b). Upon addition of 6 mM
H2O2, an increased trend of accumulation of cell aggregates
in the culture media was noticed, suggestive of lysis of the
defective, dead, or VBNC cells formed after 36 h (Figure
1b). While a sharp drop was observed in CFUs, a relatively
lower reduction in cell turbidity was noticed, probably due
to gradual accretion of the cell aggregates.
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Figure 1. Assessment of cell culturability through the examination of growth of Escherichia coli (a, b), Salmonella spp. (c, d),
Pseudomonas spp. (e, f), and Bacillus spp. (g, h) upon treatment with 6 mM H2O2. Bacterial cells were grown in nutrient broth and
6 mM H2O2 was applied after 12 h of bacterial growth. Growth retardation was observed for E. coli and Pseudomonas spp. after
36 and 24 h, respectively, while the growth of Salmonella spp. and Bacillus spp. was found to be unaffected by the H2O2 treatment.
Standard deviations for all data are indicated by error bars.

In the case of Salmonella spp., no alteration in the
colony phenotypes (i.e. flatness) was noticed, revealing
the nonresponsive trait of this bacterium against external
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oxidative stress. Shiny convex colonies with entire margins
were observed at up to 72 h of incubation, which remained
uninterrupted. Consistently, unlike E. coli cells, abolition
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of culturable cells in the case of Salmonella spp. was not
observed; rather, a steady growth was monitored all along
the incubation period with a colony-forming ability of up
to 108 CFU/ mL after 72 h (Figures 1c and 1d).
Compared to E. coli, a relatively quicker drop in
culturable cells was observed in Pseudomonas spp. with
a concomitant reduction in cell turbidity (Figures 1e and
1f). Such a rapid decline may indicate the sensitivity of our
laboratory strain of Pseudomonas spp. SUBP01 irrespective
of its common defense mechanism, as reported earlier
(Rungrassamee, 2008; Rungrassamee et al., 2009). On the
contrary, like Salmonella spp., growth of Bacillus spp. was
found to be unaffected by the H2O2 treatment (Figures 1g
and 1h). All the data found in this study were estimated as
significant (P < 0.1).
3.2. Morphological changes in E. coli and Pseudomonas
cells
In contrast to E. coli and Pseudomonas cells, the relatively
inert response of Salmonella spp. and Bacillus spp. against

H2O2 led to further examination of cell morphology and
arrangements, with the objective of achieving a detailed
view of the oxidative stress response in the former cells.
For this purpose, cell morphology of all 4 bacterial species
was observed under light microscopy after the addition of
6 mM H2O2 (Figure 2).
As in the case of E. coli and Pseudomonas cells, longer
cells were observed after 36 h of incubation, which were
significantly comparable not only with the control strains
(i.e. untreated with H2O2) but also with the H2O2-charged
Salmonella and Bacillus cells. Interestingly, in comparison
to E. coli, Salmonella, and Bacillus cells, Pseudomonas cells
quickly elongated just after the addition of H2O2 at 12 h
(Figures 2a–2lʹ).
Another observation of E. coli cells was the
transformation of the longer cells to comparatively shorter
and nearly spherical shapes, as well as the formation of
the cell aggregates after 72 h with a higher frequency of
formation of aggregated cells in the 6 mM H2O2-treated

1000×

Figure 2. Morphological examination of Escherichia coli (a–f), Salmonella spp. (g–l), Pseudomonas spp. (aʹ–fʹ), and Bacillus spp.
(gʹ–hʹ) upon 6 mM H2O2 treatment to the bacterial culture media. Bacterial cells were grown in nutrient broth and 6 mM H2O2
was applied after 12 h of bacterial growth. Interestingly, cells were found to be sharply elongated just after the addition of H2O2
for Pseudomonas spp. Such morphological change was also observed in E. coli after 36 h. Salmonella spp. and Bacillus spp. were
found to be unaffected regardless of the H2O2 treatment.
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culture media. However, compared to the stressed cells
of E. coli, Pseudomonas cells were found to be stretched
to a greater extent on prolonged incubation under the
oxidative stress. In contrast, no such morphological or
arrangement changes were observed for Salmonella or
Bacillus cells regardless of H2O2 treatment.
3.3. Confirmative demonstration of E. coli and
Pseudomonas viability loss
The sharp decline in culturable cell population fraction, as
well as the morphological changes due to the exogenous
oxidative stress (imposed by 6 mM H2O2 treatment) in E.
coli and Pseudomonas spp. (Figures 2a–2lʹ), in contrast to
Salmonella and Bacillus cells, led to further cross-checks
of the stressed physiology of the cells through spot tests.
As shown in Figure 3, after 36 h of growth of E. coli was
found to be significantly inhibited compared to the
control strain (untreated with 6 mM H2O2). After 72 h,
the bacterium treated with 6 mM H2O2 was completely
unable to form colonies, consistent with the earlier growth
studies. Similar to the morphological observations, growth
of Pseudomonas cells was also hindered even after 12 h
upon the addition of 6 mM H2O2. Conversely, irrespective
of the H2O2 treatment, Salmonella spp. and Bacillus spp.
continued to form colonies; the nonreactivity of these cells
against H2O2 was confirmed by their growth sustainability
(Figure 3).

While oxidative stress responses have been well
investigated in E. coli and Pseudomonas spp., a thorough
query on such signal transduction pathways and the stress
response in other bacteria (such as Salmonella spp., Bacillus
spp., etc.) based on the available information about their
survival mechanisms has yet to be undertaken (Christman
et al., 1985; Inaoka et al., 1990; Farr and Kogoma, 1991;
Givskov et al., 1994; Nitta et al., 2000; Sabra et al., 2002;
Kabir et al., 2004; Passalacqua et al., 2006, 2007; Den
Besten et al., 2009; Noor et al., 2009a, 2009b; Zuber, 2009;
Pohl et al., 2011; Huillet et al., 2012; Murata et al., 2012;
Den Besten et al., 2013; Nagamitsu et al., 2013). In relation
to current studies on bacterial oxidative stress responses,
the present study employed preliminary experiments
to resolve the impact of increased concentration of the
oxidant. However, in comparison to our other recent work
(Munna et al., 2013), the present study generated more
information on the toxicity of H2O2 in E. coli cells. They
were clearly distinguishable from the cells of Salmonella
spp., which showed nonresponsive traits, evidence of a
distinct defense mechanism possibly involving proteins
encoded by the soxRS regulon (Straaten et al., 2004; Prieto
et al., 2006). Moreover, study of MICs revealed that E. coli
and Pseudomonas spp. were inhibited by 2 mM and 3 mM
concentration of H2O2, respectively, while the minimal
concentration of H2O2 required to inhibit the growth of

Figure 3. Confirmative demonstration of culturability and survival potential of Escherichia coli, Salmonella spp., Pseudomonas
spp., and Bacillus spp. cells by spot test after 6 mM H2O2 treatments. Bacterial cells were grown in nutrient broth and 6 mM
H2O2 was applied after 12 h of bacterial growth. In agreement with previous observations, growth retardation was observed for
Pseudomonas spp. just after the addition of H2O2 after 12 h of growth. The growth of E. coli was found to be affected after 36 h
upon the addition of H2O2. As previously observed, Salmonella spp. and Bacillus spp. remained unaffected.
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Figure 4. Assessment of MICs of H2O2 for E. coli (SUBE01), Pseudomonas spp. (SUBP01), Bacillus spp. (SUBB01), and Salmonella
spp. (SUBS01). Dilution susceptibility test in Mueller Hinton broth was employed. The MIC of H2O2 was 2 mM for E. coli; for
Pseudomonas spp., it was 3 mM; for Bacillus spp. it was estimated as 21 mM; and for Salmonella spp. SUBS01, it was 26 mM.

Bacillus spp. and Salmonella spp. was found to be 21 mM
and 26 mM, respectively (Figure 4). Such a comparative
approach is indeed new to this field. However, the current
investigation focused only on the phenotypic changes upon
oxidant stimulation; an extension of the study investigating
genetic regulation along with assaying glutathione, protein
carbonylation, intracellular oxidation levels, activity of
the antioxidant enzymes such as superoxide dismutase,
catalase, etc. and comparative analysis of H2O2’s effects with
those of other oxidative stress agents such as menadione
would further support the data obtained here.
Nevertheless, our data clearly showed the physiological
influence of external oxidative stress in E. coli and
Pseudomonas spp., which is in agreement with our
previous studies (Kabir et al., 2004; Munna et al., 2013),
and provided new information on the defense strategies
of Salmonella spp. and Bacillus spp. against oxidative
stress. Salmonella spp. and Bacillus spp. formed CFUs with
the absence of aggregates in culture media, unlike the E.
coli cells. The cell morphology of the former strain was
also found to be completely unaffected by the oxidant,

which supported the maintenance of cell culturability of
Salmonella spp.
In conclusion, the current study detailed the phenotypic
changes in a range of bacteria as a result of oxidative
stress, which is in agreement with the existing knowledge
on the genetic level of oxidative stress regulation. The
comparative oxidative stress responses among the 4
bacterial species studied in the current investigation would
be of significance in terms of cellular survival strategy.
Despite the lack of molecular study of stress-responsive
elements, our study revealed the phenotypic changes in a
heterogeneous population of bacteria caused by external
oxidative stimulation. The presented results may provide
further information on the triggering phase of oxidative
stress commencement, rate of damage at cellular level,
and, finally, the consequences of VBNC formation in a
large array of other bacterial populations.
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